Ceramide has been proposed as a second messenger for stress-induced apoptosis. By characterization of murine melanoma cells and their E1A transfectants, we found several lines of evidences against the role of ceramide as a second messenger for ultraviolet (UV)-induced apoptosis. First, although E1A transfected melanoma cells were more sensitive to UV-induced apoptosis than parental cells, the relative endogenous ceramide elevation induced by UV was greater in parental cells than in E1A transfectants. Second, UV-resistant melanoma cells were more sensitive to exogenous ceramide than UV-sensitive E1A transfectants. The dierential responses to UV and ceramide by E1A require the same functional CR2 domain of E1A. Third, unlike the action of UV, transient exposure (up to 2 h) of lethal dose of ceramide was not sucient to cause apoptosis in these cells, and persistent presence of ceramide was required for processing the apoptotic process. Finally, ceramide and UV do not share a common pathway in apoptosis induction. UV-induced apoptosis was blocked by interleukin-1b-converting enzyme (ICE) inhibitor z-VAD whereas ceramide-induced apoptosis was not. Therefore, we conclude that ceramide is not a general second messenger for UV-induced apoptosis.
Introduction
Apoptosis is initiated by a variety of physiological stimuli and environmental stresses, followed by tightly regulated cascades that activate speci®c proteases and nucleases that in turn carry out an ordered disassembly of cellular structures White, 1996; Wylli, 1980) . Recently, attention has been directed at mechanisms by which extracellular signals activate the interleukin-1b-converting enzyme (ICE)/ced3 proteases to eect apoptosis. One important transmembrane signaling systems that may be involved is the sphingomyelin/ceramide pathway (Haimovitz-Friedman et al., 1994; Hannun, 1996; Hannun and Obeid, 1995; Kolesnick et al., 1994) . In this proposed model, stimulation of cell surface receptors, either by cytokines or environmental stresses, activates a plasma membrane neutral sphingomyelinase (nSMase) that hydrolyzes sphingomyelin to generate ceramide and phosphocholine (Cheng and Carey, 1996; Devary et al., 1992) . Ceramide then serves as a second messenger, initiating apoptosis through the stress-activated protein kinase (SAPK/JNK) cascade (Pena et al., 1997) . The sphingomyelin/ceramide pathway can be activated by various stresses (X-ray, ultraviolet (UV) radiation, tumor necrosis factor alpha (TNF-a), Fas, heat shock and H 2 O 2 ) and initiate subsequent apoptotic cascades Pena et al., 1997; Verheij et al., 1996) . Thus, the sphingomyelin/ceramide signal transduction pathway appears to play an important role in mediation of stress-induced apoptosis.
The adenovirus type 5 E1A gene has been shown to sensitize cells to apoptosis induced by various stresses (Deng et al., 1998; Lowe and Ruley, 1993; Mymryk et al., 1994; Sabbatini et al., 1995) , which provides a unique tool to study the mechanism of apoptosis induction. Previously, we have shown that E1A-transfected cancer cells have increased sensitivity to apoptosis induced by various stresses and cytokines (Deng et al., 1998; Shao et al., 1997 Shao et al., , 1998 . Generally, E1A-expressing cells do not undergo spontaneous apoptosis; they do so only when additional stress signals are applied (Lowe and Ruley, 1993; Mymryk et al., 1994; Sabbatini et al., 1995; Deng et al., 1998) . This implies that altered stress signal transduction might play a role in initiation of apoptosis in E1A-expressing cells. Since the ceramide pathway has been shown to play an important role in stress-induced apoptosis, we asked whether the sphingomyelin/ceramide pathway is involved in E1A-mediated apoptosis in response to stresses. In this study, we characterized the possible role of ceramide in UV-induced apoptosis in both E1A transfectants and parental cells. Unexpectedly, we found that ceramide is unlikely to be a second messenger for UV-induced apoptosis.
Results

Apoptotic process in E1A transfectants was initiated within 1 h following UV exposure
To determine the eect of E1A on cellular response to environmental stresses, we examined the susceptibility of murine melanoma cells, K1735 M2, and stable E1A transfectants of these cells (Deng et al., 1998) to UV irradiation. This cell line was a metastatic variant derived from K1735 melanoma cells (Pierceall et al., 1992) . Both parental tumor cells (K) and vector plasmid (pSV-neo) transfectants (KSP) were resistant to UV, whereas the E1A transfectants (KA4 and KA9) were sensitive to UV-induced apoptosis (Figure 1a) . The eect of E1A-mediated sensitization was dramatic: UV at a low dose (5 J/m 2 ) induced signi®cant apoptosis in KA9 cells within 24 h, whereas UV at more than 100 times that dose (600 J/m 2 ) had only minimal eect on parental K cells (Figure 1b ). For convenience of description, the results from the KA4 and KSP cells in the following studies are not shown although they behave similarly to KA9 and K cells, respectively. We next examined the kinetics of UV-induced apoptosis in E1A transfectants. The E1A-mediated apoptotic response to UV was rapid, and fragmented DNA appeared as early as 4 h after exposure (Figure 1c ).
To determine the onset of biochemical process of apoptosis, we examined PARP cleavage. PARP is a DNA repair enzyme that contributes to genomic integrity and provides a critical defense against cellular stress. PARP (113 kD) is inactivated and cleaved into 85 kD fragment at the onset of apoptosis by proteases; this inactivation precedes DNA fragmentation (Bose et al., 1995) . UV irradiation produced no cleavage of PARP in parental cells and the PARP expression level in these cells was increased at 4 h, presumably re¯ecting DNA repair. However, in E1A transfectants, PARP cleavage began as early as 1 h after UV exposure and was completed by 4 h. This observation suggests that initiation of the apoptotic cascade in E1A transfectants by UV is a quick process that precedes this time point (1 h) (Chen et al., 1996) .
Ceramide is not involved in the E1A-mediated sensitization to UV-induced apoptosis Because ceramide is a proposed second messenger for UV-induced apoptosis (Pena et al., 1997) , we asked whether the ceramide pathway is involved in E1A-mediated sensitization to UV. If so, E1A transfected cells might have either an increased ability to generate ceramide in response to UV or an increased sensitivity to ceramide. To determine whether E1A transfectants have an increased ability to generate ceramide, we analysed the endogenous ceramide levels in both E1A transfectants and parental cells following UV irradiation. Interestingly, the magnitude of relative ceramide increase after UV irradiation was greater in UVresistant parental cells than in UV-sensitive E1A transfectants (Figure 2a ). This observation suggests that E1A-mediated sensitization does not take place at a level through an increased generation of ceramide in response to UV irradiation if ceramide functions as a second messenger. Next, we addressed whether E1A transfectants had an increased sensitivity to ceramide by examining the sensitivity of both E1A transfectants and parental cells to exogenous C2-ceramide. Unexpectedly, we found that E1A transfectants were more resistant, rather than sensitive, to ceramide than parental tumor cells (Figure 2b ). Similar results were obtained by treatment of these cells with C6-ceramide (data not shown). Since E1A transfectants had neither an increased ability to generate ceramide nor an increased sensitivity to ceramide, we conclude that ceramide unlikely plays a role in E1A-mediated sensitization to UV-induced apoptosis. Moreover, characteristic features of UV-induced endogenous ceramide elevation and ceramide-induced apoptosis in E1A, transfectants and parental cells were inconsistent with the expected role of ceramide as a second messenger for UV-induced apoptosis.
Differential responses to UV and ceramide by E1A require the same functional CR2 domain
The E1A gene products have multiple functions on host cells by interacting with multiple cellular regulatory proteins such as p300 (Chen et al., 1996; Eckner et al., 1994) and Rb (Egan et al., 1989; Whyte et al., 1988) through dierent functional domains. In an initial attempt to characterize which domains of E1A responsible for sensitization and resistance to apoptosis by UV and ceramide, respectively, we examined UVand ceramide-induced apoptosis on mutant E1A transfectants. The mutant E1A dl1101 contains a deletion at the N-terminus that is required for interaction with p300, and the mutant E1A dl1108 contains a deletion at the CR2 domain that is required for interaction with Rb (Egan et al., 1989; Shisler et al., 1996) . Both DNA fragmentation and FACS analysis showed the mutant E1A dl1101 stable transfectants, K01.9, to be sensitive to UV as were the KA9 wild type E1A transfectants; but the mutant E1A dl1108 stable transfectants, K08.5, were resistant to UV irradiation ( Figure 3a ,b,e). These results suggest that the CR2 domain, but not the N-terminus, of E1A is required for E1A-mediated sensitization to UV irradiation. Interestingly, the sensitivity of these mutant E1A stable transfectants to C2-ceramide (Figure 3c ,e) was completely opposite that of their sensitivity to UV (Figure 3b, d) , suggesting that the CR2 domain is also required for E1A-mediated resistance to ceramide. Thus, dierential responses to UV and ceramide by E1A required the same functional CR2 domain of E1A. This further supports the notion that ceramide unlikely plays a role in mediation of UV-induced apoptosis in E1A transfectants.
Ceramide-induced apoptosis is kinetically different from UV-induced apoptosis
It should be noticed that the ceramide pathway in parental melanoma cells is intact, since UV induced endogenous ceramide elevation ( Figure 2a ) and exogenous ceramide induced apoptosis in these cells ( Figure 2b ). However, they were highly resistant to UV-induced apoptosis ( Figure 1b ). This suggests that ceramide might not act as a general second messenger for UV-induced apoptosis. According to the model of the ceramide pathway, the acute ceramide elevation induced by stresses including UV, which occurs in seconds to minutes, serves as a second messenger for apoptosis induction (Hannun, 1996; Kolesnick et al., 1994; Pena et al., 1997; Verheij et al., 1996) . If so, the apoptotic process should be inducible by a transient exposure of cells to exogenous ceramide, which mimics the kinetics of acute ceramide elevation by stresses McConkey et al., 1996) . Or, as the apoptotic process is irreversible, once the program is initiated, the presence of the initial signal is no longer required. We then examined the kinetics of ceramide-induced apoptosis and compared that with the eect of ceramide on cells by transient exposure. Treatment of cells with a lethal dose of ceramide (100 mM for K and 200 mM for KA9) induced a similar apoptotic kinetics in both parental cells and E1A transfectants, which began at about 2 h, and reached a plateau in about 6 to 12 h (Figure 2a ). To determine whether ceramide can kinetically mimic the action of stress, both K and KA9 were transiently exposed to C2-ceramide for dierent periods, then removed o ceramide and replaced with normal growth medium for incubation up to 12 h. The results indicated that short exposures (up to 2 h) of cells to a lethal dose of ceramide did not cause signi®cant apoptosis, whereas longer exposure time (42 h) was required for induction of apoptosis (Figure 4b ). Apoptotic process induced by stresses, such as UV, is known to be irreversible. Once the apoptotic program was initiated, such as 30 s UV exposure in the current study, presence of stress (UV) source is not required for continuing the process. Interestingly, by comparing the kinetic features, we found that the percentage of apoptotic cells were identical between exposure groups (cells exposed to ceramide for dierent times plus additional incubation without ceramide up to total 12 h, as`expo.' in Figure 4c ,d) and harvest group (cells exposed to ceramide for dierent time and harvested at that time, as`harv.' in Figure 4c,d ). This suggests that, additional incubation does not further increase the level of ceramide-induced apoptosis as soon as ceramide is removed. In other words, once ceramide is removed, the apoptotic process stops immediately. Taken together, the results of this analysis suggest that, (1) transient exposure of ceramide (up to 2 h) is not sucient to induce apoptosis; (2) persistent presence of ceramide (42 ± 6 h) was required for processing ceramide-induced apoptosis; and (3) ceramide-mediated apoptosis stop as soon as ceramide is removed. Thus, ceramide-induced apoptosis, which requires the presence of ceramide, is kinetically dierent from UVinduced apoptosis that does not require the presence of stress-source. Thus, the kinetic feature of ceramide is inconsistent with the action of an expected second messenger. Caspases 3 is required for UV-induced but not for ceramide-induced apoptosis Finally, we asked whether ceramide and UV share a common pathway in apoptosis induction. We assumed that UV and ceramide should share a common pathway in apoptosis induction if ceramide served as a second messenger for UV-induced apoptosis. Extracellular stress signals, including UV irradiation, have been shown to activate the ICE/ced3 proteases through signal transduction pathways to eect apoptosis (Chen et al., 1996) . To distinguish the biochemical pathways of UV-and ceramide-induced apoptosis, we characterized the apoptotic pathways of UV or ceramide by the caspase 3 inhibitor z-VAD. Treatment of cells with z-VAD blocked UV-induced apoptosis, but did not aect ceramide-induced apoptosis in either E1A transfectants or parental cells (Figure 5a ). Similar results were also obtained in the human breast cancer cell line MDA-MB-231 and 231-E1A transfectants (Figure 5b) , suggesting there is a generality of this feature. We then examined the PARP cleavage products in UV-and ceramide-treated cells by Western blot. Using Ab#1 (C2-10, Pharmigen, San Diego, CA, USA) that recognizes both full length PARP (113 kD) and its cleaved products (85 kD) (Kaufmann et al., 1993) , we found that PARP was mostly cleaved as a 85 kD fragment in UV-treated cells, and this function can be blocked by z-VAD (Figure 5c, upper) , which is consistent with UV-induced apoptosis (Figure 5a ). On the contrary, only a trace amount of PARP 85 kD fragment was detected in ceramide-treated cells, which was also inhibited by z-VAD. However, this small portion of cleaved PARP 85 kD fragment that is sensitive to caspase inhibitor z-VAD can not explain the ceramide-induced apoptosis that is resistant to the z-VAD inhibitor (Figure 5a ). The results suggest that caspase 3 may not be the key caspase for ceramideinduced apoptosis, and other mechanisms must be involved in the ceramide-induced apoptosis. In consistent to this notion, a novel PARP 105 kD fragment was detected in ceramide-treated cells (Figure 5c , middle). Using Ab#2 (New England BioLabs, Beverly, MA, USA) (that only recognizes cleaved PARP, but not full length PARP) on the same membrane, we detected a 105 kD fragment that was only present in ceramide-but not UV-treated cells (Figure 5c, middle) . The appearance of this product was not aected by z-VAD. To compare the subtle dierence in molecular weight of this product with full length and the 85 kD fragment of PARP, we then blotted the membrane with two antibodies (Ab#1 and Ab#2) together. We found that the 105 kD band is clearly dierent from both the 85 kD and the full length PARP (115 kD) (Figure 5c , bottom). From the protein sequence of PARP, we found that, in addition to the EVDG sequence at 215 that is cleaved by the caspase 3 between Asp and Gly), another EVDG sequence appears at the 73 site on PARP. Theoretically, cleavage of the EVDG at 73 site would result in a 105 kD product. As the combined intensity of the cleaved and uncleaved bands in ceramide-treated cells is about the same as that of the full length band in control cells (protein loading of each sample was the same) (Figure 5c, bottom) , it is likely that the 105 kD band coming from cleavage at this site. Although further study is required to determine the identity of the 105 kD product and the caspase responsible for the action, the results clearly indicate that the mechanisms of UV-and ceramideinduced apoptosis are apparently dierent. Therefore, ceramide is unlikely to serve as a general second messenger for UV-induced apoptosis.
Discussion
The sphingomyelin/ceramide signal transduction pathway was proposed to mediate apoptosis in response to various types of stresses, including TNF-a, Fas, ionizing radiation, UV-C, X-ray, H 2 O 2 , and heat shock Verheij et al., 1996) . The model was mainly supported by two important lines of evidence, ®rst that stress stimuli induce acute elevation in ceramide concentration within seconds to minutes, which precedes the cellular eects of these stimuli; and second that ectopic administration or generation of ceramide induces apoptosis, which mimics stressinduced apoptosis (Hannun, 1996; Kolesnick et al., 1994; Pena et al., 1997) .
In this study, we examined whether the ceramide pathway play a role in UV-induced apoptosis in E1A transfectants. Unexpectedly, we found that ceramide not only does not play a role in E1A-mediated sensitization of apoptosis, but also does not serve as a general second messenger for UV-induced apoptosis. There were several evidences against the original ceramide model. First, UV-induced endogenous ceramide elevation in parental melanoma cells and E1A transfectants were inconsistent with the concept of ceramide as a second messenger (Figures 1 and 2a) . Second, although E1A sensitized melanoma cells to UV-induced apoptosis, E1A also rendered these cells resistant, rather than sensitive, to ceramide-mediated apoptosis (Figures 2b and 3) , suggesting that UV-and ceramide-induced apoptosis might be dierent. Third, the kinetics of ceramide-induced apoptosis (Figure 4) is dierent from that of UV-induced apoptosis, which is inconsistent with the role of an expected second messenger. Finally, caspase inhibitor z-VAD blocked the UV-mediated apoptosis and PARP cleavage, that had no eect on ceramide-induced apoptotic process. This suggests that the molecular mechanisms of UVinduced apoptosis and ceramide-induced apoptosis are dierent. Thus, ceramide is unlikely to serve as a second messenger for the UV-induced apoptosis.
E1A-transfected murine melanoma cells were unexpectedly found to be more resistant to exogenous ceramide-induced apoptosis than parental cells. This function, similar to the E1A-induced UV sensitivity, requires CR2 domain of E1A (Figure 3c ). The CR2 domain of E1A has been shown to interact with Rb and the Rb family proteins p107 and p130 (Mymryk et al., 1994; Shisler et al., 1996) . The Rb gene product is reported to be a downstream target for a ceramideinduced apoptosis and growth arrest McConkey et al., 1996) . It remains to be seen whether interactions between E1A and Rb family proteins might play a role in the resistance and sensitization to the ceramide-and UV-induced apoptosis, respectively in the E1A-transfected melanoma cells. However, expression of E1A in MDA-MB-231 human breast cancer cells did not change the sensitivity of host cells to ceramide although E1A increased their sensitivity to UV irradiation (Figure 5b) . The discrepancy between E1A eects on the murine melanoma cells and the human breast cancer cells is not clear. It may be due to dierent cellular context. Nevertheless, dierential responses of E1A-transfected cells to UV and ceramide prompt us to re-evaluate the role of ceramide in apoptosis induction by stresses like UV. Importantly, we found that UV-and ceramide-induced apoptosis have dierent sensitivity to z-VAD. Moreover, the PARP cleavage patterns were dierent between UV-and ceramide-treated cells. Caspase 3 is known to be required for execution of apoptosis and PARP cleavage (between Asp214 and Gly215, resulting in a 85 kD fragment), which can be blocked by z-VAD. Inhibition of UV-induced apoptosis and PARP cleavage suggests that caspase 3 is required. However, ceramide-induced apoptosis failed to respond to z-VAD and dierent PARP cleavage was produced in ceramide-treated cells, suggesting that PARP cleavage between Asp214 and Gly215 by caspase 3 does not play a major role in ceramide-induced apoptosis, and a dierent apoptotic pathway is involved. Interestingly, a 105 kD band was found only in ceramide-treated cells, and appearance of this band was not aected by z-VAD. PARP was known to be cleaved by caspase 3 at the EVDG sequence between Asp214 and Gly215 amino acid residues, which results in an 85 kD product (Bose et al., 1995) . Another EVDG sequence was found at 73 site of PARP and cleavage at this site would result in a 105 kD fragment. Whether the 105 kD fragment is a result from cleavage at this potential site and what caspases-like activity is involved in the cleavage are interesting questions and deserve further investigation. Nevertheless, the results suggest the mechanism of UV and ceramide-induced apoptosis is apparently dierent.
Consistent with our conclusion, several recent observations also suggest that ceramide may not be involved in Fas-or TNF-induced apoptosis (Hus et al., 1998; Karasavvas and Zaker, 1999; Sillence and Allan, 1997) . However, the major evidence in these studies is that apoptosis induction was inconsistent with absolute ceramide levels. It should be noticed that the relative ceramide elevation in acute phase following stress stimuli, rather than absolute level of ceramide in later (persistent) phase, was suggested to play a key role in stress-induced apoptosis (Hannun, 1996; Verheij et al., 1996) . Thus, these studies could not rule out the possibility that the apoptotic program was initiated by relative minor ceramide elevation in acute phase rather than absolute ceramide level in later (persistent) phase following stress. In the current study, we exclude this possibility by comparing the endogenous ceramide elevation by UV (Figure 2a ) and sensitivity to exogenous ceramide in both parental cells and E1A transfectants (Figures 2b and 3) . Furthermore, the additional kinetic (Figure 4 ) and biochemical ( Figure  5 ) data provides unequivocal evidence to conclude that ceramide is unlikely to be the second messenger for UV-induced apoptosis.
Materials and methods
Reagents
C2-ceramide was obtained from Sigma (St. Louis, MO, USA). The interleukin-1b-converting enzyme (ICE) protease inhibitor z-VAD was obtained from Enzyme System Products (Livermore, CA, USA).
UV irradiation
Cells, grown to 50 ± 80% con¯uence, were subjected to UV irradiation at room temperature with a source of UV-C light (254 nm). The dose of UV radiation was veri®ed by UVX radiometer (UVP, Inc.).
Cell cultures
E1A transfectants of the murine melanoma cell line K1735 M2 and the human breast cancer cell line MDA-MB-231 were obtained by transfection with pE1A-neo which encodes both the E1A gene and neomycin-resistant gene (Deng et al., 1998; Pierceall et al., 1992; Shao et al., 1997 Shao et al., , 1998 . Control plasmid transfectants (KSP) were obtained by transfection with backbone plasmid that encodes neomycin-resistant gene only (Deng et al., 1998; Pierceall et al., 1992; Shao et al., 1997 Shao et al., , 1998 . The E1A mutants dl1101 and dl1108, which contain deletion mutations at the N-terminus or the CR2 domain, respectively, were obtained from Stanley Bayley (Westwick et al., 1995) . Mutant E1A transfectants (K01.9 for dl1101 and K08.5 for dl1108) were obtained by transfecting K1735 M2 cells with the corresponding mutant E1A plasmid plus pSV-neo, which encodes the neomycin resistance gene. Stable transfectants were selected in growth medium containing 500 mg/ml G418, and maintained in medium containing 200 mg/ml G418.
Immunoblot
Immunoblot analysis was performed as previously described (Deng et al., 1998) . The primary antibodies used for immunoblot were the monoclonal antibody M58 against the E1A proteins (Pharmingen, CA, USA), and the monoclonal antibody C2-10 (as Ab#1) against poly (ADP-ribose) polymerase (PARP) (Pharmingen, San Diego, CA, USA) (Kaufmann et al., 1993) and the polyclonal antibody (as Ab#2) against cleaved PARP (New England Biolabs, Beverly, MA, USA). The blots were incubated with horseradishconjugated rabbit antimouse immunoglobin (Bio-Rad Laboratories, Richmond, CA, USA) and enhanced chemiluminescence (ECL) Western blotting detection reagents (Amersham, UK).
Flow cytometry, DNA fragmentation assays
Apoptotic cells were analysed by¯uorescence-activated cell sorting (FACS) assay as described elsewhere (Deng et al., 1998) . Brie¯y, apoptotic cells as well as attached cells of each sample were harvested, washed once with phosphate buered saline (PBS), and then ®xed with 70% ethanol overnight at 48C. Before analysis, cells were washed once with PBS, and then with¯uorochrome solution (50 mg/ml propidium iodide (Sigma, St. Louis, MO, USA), in 0.1% sodium citrate plus 0.1% Triton X-100 (Sigma)). The percentage of subdiploid cells was considered to re¯ect that of apoptotic cells. Fragmented DNA was analysed by using a modi®ed method described previously (Deng et al., 1998; Nicoletti et al., 1991) .
Quantification of endogenous ceramide
Ceramide was quanti®ed by the diacylglycerol kinase assay as described previously (Bose et al., 1995; Dressler and Kolesnick, 1990) . In brief, cells were pelleted by centrifugation and suspended in 150 ml of buered saline solution (BSS), and then the suspended cells were extracted with 800 ml of chloroform:methanol:HC1 (100:100:1 v/v/v). Lipid in the organic phase was dried in a speed vapor apparatus. Samples were dissolved in 0.1 M KOH methanol, incubated for 1 h at 378C to remove glycerophospholipids, extracted with chloroform:methanol:1 N HC1 (100:100:1) once and then dried. The dried samples were then dissolved in 60 ml of a reaction mixture containing E. coli diacylglyerol kinase and [g-32 P]ATP, and incubated for 1 h at room temperature. The reaction was stopped by adding 100 ml of chloroform and 100 ml of methanol. The mixture was extracted once, then dried. [ 32 P]ceramide was dissolved in 5 ml thin layer chromatographic (TLC) plate using the solvent system chloroform:methanol:acetic acid (65:15:5). Incorporated g-32 P was quanti®ed by X-ray ®lm and liquid scintillation counting (Bose et al., 1995; Dressler and Kolesnick, 1990) .
